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1. INTRODUCTION {#jcmm13909-sec-0001}
===============

Lung cancer is the most frequent cause of cancer‐related death in men and the second most frequent in women after breast cancer. Many risk factors are strong correlated with lung cancer tumourigenesis, including smoking and air pollution.[1](#jcmm13909-bib-0001){ref-type="ref"}, [2](#jcmm13909-bib-0002){ref-type="ref"} Despite significant advancements have been made in surgeries, radiotherapies and chemotherapies in the past decades, the survival rate of lung cancer is still low.[3](#jcmm13909-bib-0003){ref-type="ref"} Lung cancers comprise two types, small cell lung cancer (SCLC) and non‐small cell lung cancer (NSCLC).[4](#jcmm13909-bib-0004){ref-type="ref"} NSCLC contributes to over 80% of lung cancers. In past years, although many genes, such as *P53* and *EGFR*, have been reported to regulate NSCLC development, most of NSCLS patients are diagnosed at the late stage and die without successful treatment. Thus, studies on the mechanisms of NSCLC tumourigenesis are critical for both early prognosis and the development of novel therapeutic approaches for NSCLC.

In NSCLC tumourigenesis, multiple pathways are deregulated due to genetic or epigenetic mutations. Constitutive activation of Shh pathway is a common cause of NSCLC.[5](#jcmm13909-bib-0005){ref-type="ref"} Lots of mutations on Hh signalling components have identified in NSCLC samples.[6](#jcmm13909-bib-0006){ref-type="ref"}, [7](#jcmm13909-bib-0007){ref-type="ref"} Besides, several Hh pathway inhibitors, including Cyclopamine and Forskolin, serve as attractive anti‐cancer agents for NSCLC treatment.[8](#jcmm13909-bib-0008){ref-type="ref"}, [9](#jcmm13909-bib-0009){ref-type="ref"}, [10](#jcmm13909-bib-0010){ref-type="ref"} The Hh pathway is first identified through a large gene screening that is required for embryonic patterning in *Drosophila*.[11](#jcmm13909-bib-0011){ref-type="ref"} Subsequent studies show that the Hh pathway is highly conserved from *Drosophila* to mammals.[12](#jcmm13909-bib-0012){ref-type="ref"} In the absence of Hh ligand, the transcriptional factor GLI2/3 is detained in the cytoplasm to degrade by β‐TrCP E3 ligase. In the presence of Hh ligand, GLI2/3 translocates into the nucleus to turn on the expression of target genes, including *PTCH1* and *BCL2*.[13](#jcmm13909-bib-0013){ref-type="ref"} On the other hand, the nuclear GLI2/3 is ubiquitinated and destabilized by another E3 ligase SPOP,[14](#jcmm13909-bib-0014){ref-type="ref"} ensuring that the proper Hh pathway output. For this respect, SPOP plays an anti‐tumour role in Hh‐related NSCLC.

Micro RNAs (miRNAs) are small (about 19‐25 bp), noncoding RNAs that silence gene expression through repression of mRNA stability or translation. Recent studies have demonstrated that many miRNAs show aberrant expression in tumour tissues, indicating that miRNAs are possibly involved in tumourigenesis. On the other hand, miRNAs also provide putative biomarkers for tumour diagnoses.[15](#jcmm13909-bib-0015){ref-type="ref"} Increasing findings show that several miRNAs plays important roles in NSCLC tumourigenesis. MiR‐21 promotes NSCLC cell proliferation and invasion through inhibiting the expression of *PTEN*, a well‐known tumour suppressor.[16](#jcmm13909-bib-0016){ref-type="ref"} In contrast, miR‐1253 suppresses NSCLC progression via blocking *WNT5A* expression.[17](#jcmm13909-bib-0017){ref-type="ref"} Therefore, miRNAs likely play dual roles in NSCLC tumourigenesis through silencing distinct targets. Although human genome encodes more than 400 kinds of miRNAs, the functions of many miRNAs are still unknown. It will be fruitful to investigate the roles of miRNAs in NSCLC progression.

In this study, we found that the expression of miR‐520b was apparently up‐regulated in NSCLC samples, and miR‐520b levels were positively correlated with Hh pathway activities. In NSCLC cells, treated with miR‐520b mimic promoted cell proliferation and migration, while miR‐520b inhibitor treatment showed an opposite effect. Via bioinformatics and biochemical analyses, we revealed that miR‐520b suppressed *SPOP* expression through direct targeting its 3′‐UTR region. In addition, SPOP decreased in NSCLC samples and negative correlated with patient survival. Knockout of *SPOP* promoted NSCLC cell proliferation and metastasis, which could not be attenuated by miR‐520b, suggesting that miR‐520b promotes NSCLC progression through SPOP. Finally, we demonstrated that SPOP inhibited NSCLC tumourigenesis through ubiquitinating and destabilizing GLI2/3. Taken together, our findings show that miR‐520b promotes NSCLC tumourigenesis via SPOP‐GLI2/3 axis, thus providing miR‐520b as a potential diagnostic biomarker and therapeutic target for NSCLC.

2. MATERIALS AND METHODS {#jcmm13909-sec-0002}
========================

2.1. NSCLC cell lines and patient samples {#jcmm13909-sec-0003}
-----------------------------------------

Human NSCLC cell lines (A549 and H1299) were purchased from the ATCC and cultured in Dulbecco\'s modified Eagle\'s medium (Gibco, Gaithersburg, MD, USA) containing 10% FBS and 1% penicillin/streptomycin (Sangon Biotech, Shanghai, China). MiR‐520b mimic (MC11115) and inhibitor (MH11115) were purchase from Thermo and added into the cells at final concentration of 20 nmol/L. Fresh‐frozen NSCLC samples and their paired normal samples were obtained from patients who were undergoing surgical resection at the First Affiliated Hospital of Nanchang University (Nanchang, China). None of the patients had received any radiochemotherapy. All the samples were divided into two parts for RNA extraction and western blot, respectively. The use of human samples was approved by Clinical Research Ethics Committee of Nanchang University, China.

2.2. In vitro tumorigenicity assay {#jcmm13909-sec-0004}
----------------------------------

Cell proliferation was assessed using MTT assay. After distinct treatments, log‐phase cells were seeded into 96‐well plates. After additional 48 hours, 10 mL MTT (5 mg/mL) was added into each well, followed by incubation for 4 hours before discarding the supernatants. Washing the cells with PBS for three times and adding 100 mL DMSO in each well to dissolve crystals for 10 minutes. The absorbance on 490 nm was measured using microplate reader.

The cell invasion assay was performed with Biocoat Matrigel Invasion Chambers. After indicated treatments, equivalent cells were seeded on top of a thick layer of Matrigel in transwell inserts and cultured for 24 hours. Invasive cells were washed with PBS, fixed with 70% ethanol for 15 minutes and stained with 2% crystal violet. The invasive cells were counted under a microscope.

Cell migration was tested using wound healing assay. After indicated treatments, equivalent cells were seeded into 6‐well plates with 1% FBS. One yellow pipette tip was used to make a straight scratch. The width of wound was measured at 48 hours and normalized with starting time‐point.

2.3. RNA extraction and quantitative real‐time PCR (Q‐PCR) {#jcmm13909-sec-0005}
----------------------------------------------------------

Total RNA from patient samples and cultured cells was extracted using TRIzol reagent. High‐capacity cDNA reverse transcription kit was used for cDNA synthesis. Q‐PCR was conducted on a CFX96™ with SYBR Green Q‐PCR reagents. The 2‐ΔΔCt method was used for relative quantification. The primer pairs used were as follows: *GLI1*, 5′‐GGGTGCCGGAAGTCATACTC‐3′ (forward) and 5′‐GCTAGGA‐TCTGTATAGCGTTTGG‐3′ (reverse); *BCL2*, 5′‐CTCAGCAGGTATCACATGG‐GG‐3′ (forward) and 5′‐CCAAGGTCTTGCGTACAAATTCC‐3′ (reverse); *ACTIN*, 5′‐GATCATTGCTCCTCCTGAGC‐3′ (forward) and 5′‐ACTCCTGCTTGCTGAT‐CCAC‐3′ (reverse).

For miRNA expression detection, Taqman miRNA assays were employed to quantify the expression of mature miR‐520b. The relative expression level of miR‐520b was normalized to RNU6B.

2.4. Constructs, Cas9 and RNAi {#jcmm13909-sec-0006}
------------------------------

To generate Fg‐SPOP, Myc‐GLI2, Myc‐GLI3 and HA‐GLI3 constructs, we amplified the corresponding cDNA using Primer STAR DNA polymerase (TAKARA, Kusatsu,Shiga, Japan) and then cloned them into CMV‐Fg, pcDNA3.1‐Myc or pcDNA3.1‐HA vectors respectively. SPOP mutant plasmids were generated using PCR‐based site‐directed mutagenesis at the background of CMV‐Fg‐SPOP.

To knock out the endogenous *SPOP*, we used CRISPR/Cas9 tool. The sgRNA targeting SPOP was CCTCCGGCAGAAATGTCGAGTGG. It was annealed to the complementary oligo and cloned into pGL3‐U6‐sgRNA‐PGK‐puromycin vector (Addgene, Cambridge, MA, USA). A549 cells were cotransfected with this plasmid and pST‐NLS‐Cas9 plasmid (Addgene). 48 hours after transfection, the cells were treated by puromycin (0.02 mg/mL, Invivogen, San Diego, USA) and blasticidin (0.75 mg/mL, Invivogen) for additional 48 hours. After cells form colonies, pick the small colonies into 96‐well plates. Genomic DNA from the cells is amplified by PCR. Putative mutants were further validated by sequencing.

To silence *SPOP*,*GLI2* or *GLI3* in NSCLC cells, small interfering RNAs (siRNAs) were transfected at a final concentration of 200 nmol/L via Lipofectamine™ RNAiMAX transfection reagent according to the protocols (Invitrogen, Carlsbad, CA, USA). The siRNAs sequences were shown as follows: *CTR*‐siRNA, 5′‐CAAACACUUCCUUGGAAUGdTdT‐3′; *SPOP*‐siRNA‐1, 5′‐CUCACCGGGGCAUCGACUCdTdT‐3′; *SPOP*‐siRNA‐2, 5′‐G‐GUUUCGAUACCUCUCAGUdTdT‐3′; *GLI2*‐siRNA, 5′‐GUUCCUCACGGCGU‐ CGUAGdTdT‐3′ and *GLI3*‐siRNA, 5′‐UGGAAGUUGUAGCUCACUGdTdT‐3′.

2.5. Transfection and western blot {#jcmm13909-sec-0007}
----------------------------------

Cells were transfected using lipofectamine 2000 according to the manufacturer\'s instructions. Forty‐eight hours after transfection, cells were harvested for immunoprecipitation and western blot analysis with standard protocols. To examine the ubiquitination levels of GLI2 and GLI3, A549 cells were transfected with Myc‐GLI2, HA‐GLI3 and different SPOP mutants. Before cell harvesting, the cells were treated by MG132 (50 mmol/L/mL) for 4 hours to prevent protein destabilization. Cells were first lysed by 100 mL denaturing buffer (1% SDS, 50 mM Tris, pH 7.5, 0.5 mmol/L EDTA and 1 mmol/L DTT) and incubated at 100°C for 5 minutes. The lysates were diluted with 900 mL lysis buffer and subjected to immunoprecipitation and western blot. The antibodies used for western blot analyses were as follows: mouse anti‐Fg (Sigma, Darmstadt, Germany); mouse anti‐ACTIN (Genscript, Corporation, Piscataway, NJ, USA); rabbit anti‐GLI1 (ABclonal, Woburn, MA, USA); rabbit anti‐PTCH1 (ABclonal); rabbit anti‐BCL2 (ABclonal); rabbit anti‐HHIP (ABclonal); rabbit anti‐AXIN2 (ABclonal); rabbit anti‐c‐Myc (ABclonal); rabbit anti‐CTGF (ABclonal); rabbit anti‐AREG (ABclonal); rabbit anti‐SPOP (ABclonal); mouse anti‐Myc (Santa Cruz Biotechnology, Santa Cruz, CA, USA); mouse anti‐HA (Santa Cruz); mouse anti‐Ub (Santa Cruz); goat antimouse HRP (Abmax) and goat anti‐rabbit HRP (Abmax, Beijing, China).

2.6. Luciferase assays {#jcmm13909-sec-0008}
----------------------

The putative miR‐520b binding site in 3′‐UTR of *SPOP* was subcloned into pGL3‐Basic‐Luc vector (Promega, Woods Hollow Road, USA). Meanwhile, the corresponding mutant construct was generated by mutation of the complementary sequence of miR‐520b seed region (AGCACTTA to TCGTGAAT). The firefly luciferase construct was cotransfected with Renilla luciferase plasmid into A549 cells. Dual Luciferase Reporter Assay System was employed to check the luciferase activity after 24 hours according to the manufacturer\'s instruction. All luciferase activity data are presented as means ± SD from at least three independent experiments.

2.7. Statistical analysis {#jcmm13909-sec-0009}
-------------------------

All statistical analysis was performed by SPSS software. The reported data are representative of at least three independent experiments. A two‐tailed *P* value of less than 0.05 was considered statistically significant and the *P* \< 0.001 was considered highly significant. In this study, exact *P* values were not shown, statistical significance was as follows: *P *\>* *0.05 (NS, no significance), *P *\<* *0.05 (\*), *P *\<* *0.01 (\*\*) and *P *\<* *0.001 (\*\*\*).

3. RESULTS {#jcmm13909-sec-0010}
==========

3.1. MiR‐520b is up‐regulated and plays a oncogenic role in NSCLC {#jcmm13909-sec-0011}
-----------------------------------------------------------------

Although it is known miR‐520b plays roles in several types of cancer, its function in NSCLC is still unknown. We examined the expression of miR‐520b in NSCLC patients using Q‐PCR and found that miR‐520 was uniformly increased in 12 NSLCL samples compared with the paratumour samples (Figure [1](#jcmm13909-fig-0001){ref-type="fig"}A). To further investigate the function of miR‐520b, we treated the NSCLC cells with miR‐520b mimic or miR‐520b inhibitor. Compared with control, miR‐520b mimic promoted, while miR‐520b inhibitor suppressed cell proliferation of A549 and H1299 cells (Figure [1](#jcmm13909-fig-0001){ref-type="fig"}B, C). In addition, wound healing assay showed that miR‐520b mimic quickened the wound healing, but miR‐520b inhibitor exerted an opposite effect (Figure [1](#jcmm13909-fig-0001){ref-type="fig"}D). Consistently, transwell results revealed that miR‐520b mimic increased, whereas miR‐520b inhibitor decreased H1299 cell invasion (Figure [1](#jcmm13909-fig-0001){ref-type="fig"}E). Taken together, our results reveal that miR‐520b is up‐regulated in NSCLC samples and miR‐520b exerts oncogenic function in NSCLC cells.

![miR‐520b is up‐regulated in NSCLC samples and exerts an oncogenic role in NSCLC cells. (A) Q‐PCR analysis of miR‐520b expression in 12 pairs of NSCLC samples and paratumour normal tissues (N, paratumour normal samples; C, cancer samples). (B) 3‐day MTT proliferation results of A549 cells with miR‐520b mimic or miR‐520b inhibitor treatment. (C) MTT assays of H1299 cells treated with miR‐520b mimic or miR‐520b inhibitor. (D) Wound healing assays of A549 cells treated with miR‐520b mimic or miR‐520b inhibitor. Quantification of wound closure at indicated time‐points was shown on the right. (E) Transwell assay of A549 cells treated with miR‐520b mimic or miR‐520b inhibitor. Numbers of invasive cells were shown on the right. Scale bar, 20 μm. All values are mean ± SD (n = 3, \**P *\<* *0.05,\*\**P* \< 0.01 and \*\*\**P* \< 0.001)](JCMM-23-205-g001){#jcmm13909-fig-0001}

3.2. MiR‐520b activates Hh pathway {#jcmm13909-sec-0012}
----------------------------------

During NSCLC tumourigenesis, multiple oncogenic pathways are involved in, including Hh, Wnt and Hippo.[18](#jcmm13909-bib-0018){ref-type="ref"}, [19](#jcmm13909-bib-0019){ref-type="ref"}, [20](#jcmm13909-bib-0020){ref-type="ref"} We next wanted to test whether miR‐520b turns on these pathways. We found that the expressions of Hh pathway targets (*GLI1* and *BCL2*) were apparently increased in NSCLC specimens (Figure [2](#jcmm13909-fig-0002){ref-type="fig"}A, B). Furthermore, miR‐520b mimic treatment indeed increased Hh target gene expression (*GLI1*,*PTCH1*,*BCL2* and *HHIP*), but with no any detectable effect on Wnt pathway (*AXIN2* and *c‐Myc*) and Hippo pathway (*CTGF* and *AREG*) (Figure [2](#jcmm13909-fig-0002){ref-type="fig"}C). In contrast, the inhibitor attenuated Hh pathway, not Wnt and Hippo pathways (Figure [2](#jcmm13909-fig-0002){ref-type="fig"}C). Furthermore, we found that the mimic elevated Gli‐Luciferase activity, while the inhibitor played an opposite role (Figure [2](#jcmm13909-fig-0002){ref-type="fig"}D). Q‐PCR in A549 cells also confirmed these results (Figure [2](#jcmm13909-fig-0002){ref-type="fig"}E). These data suggest that miR‐520b possibly specifically activates Hh pathway in NSCLC cells.

![miR‐520b activates Hh pathway in NSCLC cells. (A, B) Relative mRNA levels of *GLI1* and *BCL2* from NSCLC samples and matched normal samples were examined by Q‐PCR. (C) WB results of A549 cells with miR‐520b mimic or miR‐520b inhibitor treatment. (D) GliBS‐luciferase reporter assay in A549 cells under indicated treatment. GliBS luciferase activities were normalized to Renilla luciferase activities. (E) Q‐PCR assay to test *GLI1* and *BCL2* with miR‐520b mimic or miR‐520b inhibitor treatment in A549 cells. (F) WB results of A549 cells treated by Cyclopamine at indicated concentrations. (G) MTT and transwell assays of A549 cells under indicated treatment. All values are mean ± SD (n = 3, \**P *\< 0.05,\*\**P* \< 0.01 and \*\*\**P *\< 0.001)](JCMM-23-205-g002){#jcmm13909-fig-0002}

To test whether miR‐520b exerts the oncogenic effect through Hh signalling, a well‐known Hh antagonist cyclopamine was employed to block Hh pathway. Treated A549 cells with distinct concentrations of cyclopamine indeed decreased the expression of *PTCH1* and *GLI1* (Figure [2](#jcmm13909-fig-0002){ref-type="fig"}F), ensuring the efficiency of this compound. The up‐regulated proliferation and invasion caused by miR‐520b mimic was neutralized by cyclopamine (Figure [2](#jcmm13909-fig-0002){ref-type="fig"}G), indicating that miR‐520b promotes NSCLC cell proliferation and invasion through Hh signalling.

3.3. SPOP is a target of miR‐520b {#jcmm13909-sec-0013}
---------------------------------

To investigate the target of miR‐520b, we employed bioinformatic analysis ([www.targesan.org](http://www.targesan.org)) and found *SPOP* was a putative target (Figure [3](#jcmm13909-fig-0003){ref-type="fig"}A). We demonstrated that the expression of SPOP was decreased in NSCLC samples (Figure [3](#jcmm13909-fig-0003){ref-type="fig"}B), showing negative correlation with miR‐520b. Consistently, data from TCGA (<http://cancergenome.nih.gov/>) revealed that patients with low SPOP expression (n = 965) had a poorer survival compared with those with high miR‐520b expression (n = 961, *P *\<* *0.0001) (Figure [3](#jcmm13909-fig-0003){ref-type="fig"}C). Furthermore, we found that miR‐520b mimic decreased, while miR‐520b inhibitor increased SPOP protein level in A549 cells (Figure [3](#jcmm13909-fig-0003){ref-type="fig"}D). On the other hand, neither mimic nor inhibitor showed any effect on exogenous SPOP level (Figure [3](#jcmm13909-fig-0003){ref-type="fig"}E), suggesting that miR‐520b decreases SPOP through targeting *SPOP* 3′‐UTR region.

![miR‐520b directly targets *SPOP* in NSCLC cells. (A) A putative miR‐520b binding site in the 3′‐UTR of *SPOP*. (B) WB analyses of SPOP protein levels in 12 pairs of NSCLC samples and paratumour normal samples. (C) Low miR‐520b expression was associated with a poor disease free survival in TCGA cohort (*P* \< 0.0001). (D) WB assay of A549 cells treated by miR‐520b mimic or miR‐520b inhibitor. (E) Neither miR‐520b mimic nor miR‐520b inhibitor affects exogenous SPOP expression in A549 cells. (F) WB assay showed SPOP protein level with *SPOP*‐siRNA treatment. (G) MTT assays of A549 cells transfected with indicated siRNA or plasmid. (H) Alignment of Sanger sequencing results of PCR amplicons encompassing the target site, SgRNAs targets are highlighted in red and the PAM sequence is underlined. (I) WB analysis of SPOP expression of WT or KO A549 cells. (J) MTT analyses of WT or *SPOP* KO A549 cells treated with miR‐520b mimic or miR‐520b inhibitor. (K) Transwell analyses of WT or *SPOP* KO A549 cells treated with miR‐520b mimic or miR‐520b inhibitor. (L) miR‐520b only suppressed the relative luciferase activity in the construct, which contains the wild‐type sequence of the binding site in the 3′‐UTR of *SPOP*. WT, luciferase construct containing wild‐type binding site in *SPOP* 3′‐UTR; Mu, mutated nucleotides were introduced to the complementary seed sequence. All values are mean ± SD (n = 3, \**P *\< 0.05, \*\*\**P *\< 0.001 and NS, no significance)](JCMM-23-205-g003){#jcmm13909-fig-0003}

To examine the anti‐tumour role of SPOP on NSCLC, we silenced endogenous SPOP via siRNA and found that knockdown of SPOP promoted A549 cell proliferation, whereas overexpression of SPOP inhibited cell proliferation (Figure [3](#jcmm13909-fig-0003){ref-type="fig"}G). In addition, CRISPR/Cas9 technique was used to knock out *SPOP* in A549 cells (Figure [3](#jcmm13909-fig-0003){ref-type="fig"}H). We picked up 10 cell lines and found a stop codon was induced in a cell line (Figure [3](#jcmm13909-fig-0003){ref-type="fig"}H). Western blot analysis showed complete depletion of SPOP protein in the (stop) cell line. Therefore, we chose this cell line (stop) for subsequent experiments. Knockout of *SPOP* indeed promoted cell proliferation (Figure [3](#jcmm13909-fig-0003){ref-type="fig"}J) and invasion (Figure [3](#jcmm13909-fig-0003){ref-type="fig"}K), and this oncogenic effect could not be relieved by miR‐520b mimic or miR‐520b inhibitor (Figure [3](#jcmm13909-fig-0003){ref-type="fig"}J, K). Furthermore, A549 cells with *SPOP* knockout failed to be modulated by miR‐520b (Figure [3](#jcmm13909-fig-0003){ref-type="fig"}J, K), suggesting that SPOP is essential for miR‐520 regulating NSCLC cell proliferation and invasion. To test whether SPOP is the direct target of miR‐520b, luciferase reporter assays were performed. The fragment of the *SPOP* 3′‐UTR containing the predicted or mutant miR‐520b site was cloned into the pGL3‐Basic‐Luc vector. We found that miR‐520b exerted inhibitory effects on the luciferase activity in the construct which contains the wild‐type binding site, whereas no suppressive effects on the binding site mutant construct (Figure [3](#jcmm13909-fig-0003){ref-type="fig"}L).

3.4. SPOP suppresses Hh pathway through ubiquitinating GLI2 and GLI3 {#jcmm13909-sec-0014}
--------------------------------------------------------------------

The previous studies have demonstrated that Rdx (SPOP homologue) binds and ubiquitinates Ci (GLI2/3 homologue) to inhibit Hh signalling activity in *Drosophila*.[14](#jcmm13909-bib-0014){ref-type="ref"} We tried to test whether SPOP destabilizes GLI2/3 to negatively regulate Hh pathway in NSCLC cells. In A549 cells, SPOP could bind GLI2/3 (Figure [4](#jcmm13909-fig-0004){ref-type="fig"}A, B), and promoted proteasome‐mediated GLI2/3 degradation in a dose‐dependent manner (Figure [4](#jcmm13909-fig-0004){ref-type="fig"}C). Moreover, GLI2/3 showed increased expression in SPOP knockout cells compared with wild‐type cells (Figure [4](#jcmm13909-fig-0004){ref-type="fig"}D). SPOP protein comprises two functional domains: the N‐terminal MATH domain and the C‐terminal BTB domain. Loss of MATH domain deprived SPOP association with GLI2/3 (Figure [4](#jcmm13909-fig-0004){ref-type="fig"}E), indicating that SPOP interacts with GLI2/3 via its N‐terminal MATH domain.

![SPOP promotes GLI2/3 ubiquitination and degradation. (A, B) Fg‐SPOP could pull down Myc‐GLI2 (A) and Myc‐GLI3 (B) in A549 cells. (C) Endogenous SPOP interacted with endogenous GLI2 and GLI3 in A549 cells. (D) SPOP promoted GLI2/3 degradation in A549 cells, which was abolished by MG132 treatment. (E) WB analysis of WT and *SPOP* KO A549 cells. (F) SPOP bound GLI2/3 through its N‐terminal MATH domain. (G) WB assay of A549 cells transfected with WT SPOP or different SPOP mutants. (H) Ubiquitination assay of A549 cells transfected with indicated plasmids](JCMM-23-205-g004){#jcmm13909-fig-0004}

Previous GWAS screening has shown that *SPOP* is mutated in several human cancers, including prostate cancer and gastric cancer.[21](#jcmm13909-bib-0021){ref-type="ref"}, [22](#jcmm13909-bib-0022){ref-type="ref"} Interestingly, most *SPOP* mutations localize in the MATH domain, which presumably impair its ability to bind substrates. To explore whether the cancer‐derived mutations affect SPOP interaction with GLI2/3, we carried out co‐IP assays and found that only wild‐type SPOP interacted with GLI2/3 (Figure [4](#jcmm13909-fig-0004){ref-type="fig"}F). Given that SPOP acts as an E3 ligase, we next wanted to examine the ubiquitination level of GLI2/3. Consistently, SPOP indeed elevated the ubiquitination of GLI2/3, whereas these SPOP mutants failed to promote GLI2/3 ubiquitination (Figure [4](#jcmm13909-fig-0004){ref-type="fig"}G). Collectively, these results show that SPOP inhibits Hh pathway through destabilizing the transcriptional factor GLI2/3, which is abolished in cancers due to SPOP mutations.

3.5. MiR‐520b regulates NSCLC through SPOP‐GLI2/3 axis {#jcmm13909-sec-0015}
------------------------------------------------------

The above results have clearly demonstrated that mutations on MATH domain destroy SPOP binding to GLI2/3. Consistently, wild‐type SPOP attenuated the proliferation of A549 and H1299 cells, whereas SPOP mutants did not show any affects (Figure [5](#jcmm13909-fig-0005){ref-type="fig"}A, B), indicating that SPOP regulates NSCLC cell proliferation possibly through binding and ubiquitinating GLI2/3. We next wanted to explore whether miR‐520b plays oncogenic roles via GLI2/3. The up‐regulated cell proliferation caused by miR‐520b mimic was effectively restored by silencing GLI2 or GLI3 (Figure [5](#jcmm13909-fig-0005){ref-type="fig"}C), suggesting that miR‐520b sits upstream of GLI2/3 to promote NSCLC cell proliferation. Furthermore, wound healing assays also showed that miR‐520b promoted NSCLC cell migration through GLI2/3.

![miR‐520b exerts oncogenic effect on NSCLC cells through GLI2/3. (A, B) MTT assays of A549 cells (A) and H1299 cells (B) transfected with indicated constructs. (C) MTT assays of A549 cells (left) and H1299 cells (right) under indicated treatment. (D) Wound healing assays of A549 cells under indicated treatment. Quantification of wound closure at indicated time‐points was shown on the right. All values are mean ± SD (n = 3, \*\*\**P* \< 0.001 and NS, no significance)](JCMM-23-205-g005){#jcmm13909-fig-0005}

4. DISCUSSION {#jcmm13909-sec-0016}
=============

NSCLC is one of the most malignant cancers and leads to many deaths every year. It is a difficult task to diagnose the NSCLC at early stage owing to lack of apparent symptoms. Thus, it is urgent to identify the bio‐marker for NSCLC early diagnosis. In this study, we found that miR‐520b was up‐regulated in NSCLC specimens and positively correlated with NSCLC cell proliferation, migration and invasion. Furthermore, we demonstrated that miR‐520b could activate Hh signalling in NSCLC cells. Through bioinformatic and biochemical analyses, we revealed that *SPOP* was a target of miR‐520b. SPOP bound GLI2/3 via its N‐terminal MATH domain, resulting in GLI2/3 proteasome‐mediated degradation and Hh pathway inactivation. Finally, we found that knockdown of *GLI2/3* effectively neutralized the effects of miR‐520b on NSCLC cell proliferation and migration. Taken together, our findings illustrated that miR‐520b exerted oncogenic effect in NSCLC through SPOP‐GLI2/3 signalling axis. This study provides miR‐520b as a putative bio‐marker for NSCLC diagnosis and therapeutic target for NSCLC clinic intervention.

As a matter of fact, accumulating studies show that miR‐520b plays important roles in tumourigenesis. In oestrogen receptor negative breast cancer, miR‐520b functions as a tumour suppressor by targeting NF‐κB and TGF‐β pathways.[23](#jcmm13909-bib-0023){ref-type="ref"} Besides, it is also reported that miR‐520b suppresses cell migration and invasion through inhibiting CD44 in head‐neck cancer.[24](#jcmm13909-bib-0024){ref-type="ref"} Based on previous data and our present study, miR‐520b likely plays oncogenic or anti‐tumour roles in different cancers through targeting distinct genes. It will be fruitful to explore the roles of miR‐520b in other cancers.

The Hh pathway is a central regulator of development and tumourigenesis.[25](#jcmm13909-bib-0025){ref-type="ref"} During embryogenesis, Hh pathway is indispensable for the development of multiple tissues, including brain, limbs and lung.[26](#jcmm13909-bib-0026){ref-type="ref"}, [27](#jcmm13909-bib-0027){ref-type="ref"}, [28](#jcmm13909-bib-0028){ref-type="ref"} In adult, Hh signalling keeps basal activity to regulate injury‐induce regeneration and stem cell maintenance. Its hyperactivation will lead to tumourigenesis.[29](#jcmm13909-bib-0029){ref-type="ref"} Although Hh pathway is a key inducer for cancers, its inhibitors are still difficult for clinic application since it is involved in multiple physiological and pathological processes. In this study, we found that miR‐520b promoted NSCLC progression by activating Hh pathway. Thus, we possibly choose miR‐520b as a therapeutic target for Hh‐related NSCLC patients.

SPOP is a well‐known E3 ligase, which promotes substrate ubiquitination and degradation. Increasing substrates of SPOP are reported, such as PD‐L1, DAXX, c‐Myc and PTEN.[30](#jcmm13909-bib-0030){ref-type="ref"}, [31](#jcmm13909-bib-0031){ref-type="ref"}, [32](#jcmm13909-bib-0032){ref-type="ref"}, [33](#jcmm13909-bib-0033){ref-type="ref"} More attention has been paid to identify novel substrates of SPOP, but the regulation of SPOP is still unknown. In this study, we found that miR‐520b was a negative regulator of SPOP through silencing *SPOP* expression. In normal lung cells, the Hh pathway keeps low activity through SPOP‐mediated GLI2/3 degradation (Figure [6](#jcmm13909-fig-0006){ref-type="fig"}). In NSCLC cells, the expression of miR‐520b is up‐regulated. MiR‐520b targets *SPOP* to block SPOP‐mediated GLI2/3 destabilization, culminating in Hh signalling hyperactivation and NSCLC tumourigenesis (Figure [6](#jcmm13909-fig-0006){ref-type="fig"}). In this model, miR‐520b plays a key role during NSCLC tumourigenesis.

![The model of miR‐520b regulating NSCLC tumourigenesis. (A) In normal lung cells, SPOP ubiquitinates GLI2/3, resulting in GLI2/3 degradation and Hh pathway suppression. Under this condition, Hh pathway activity keeps at the basal level. (B) In NSCLC cells, miR‐520b is up‐regulated and targets *SPO*P mRNA, removing SPOP‐mediated GLI2/3 destabilization. In turn, Hh pathway is hyperactivated](JCMM-23-205-g006){#jcmm13909-fig-0006}

CONFLICT OF INTERESTS {#jcmm13909-sec-0018}
=====================

The authors declare that they have no competing interests.

AUTHOR CONTRIBUTION {#jcmm13909-sec-0019}
===================

XL and JL performed the majority of experiments, data analysis. XZ constructed many plasmids used in this study. YT collected the patient samples and carried out some Q‐PCR experiments. XG supervised the study and wrote the manuscript.

This study was supported by Jiangxi Provincial Natural Science Foundation of China (2012ZBBG70008), Jiangxi Provincial Education Department Support Program (GJJ60139), Major Project of Jiangxi Natural Science Foundation (20161ACB20012) and National Natural Science Foundation of China (81660009).

[^1]: These authors contributed equally to this work.
